Human red blood cells (RBCs) were perfused in a circular micro-tube (inner diameter of 25 m) to examine the dynamic changes of cell-free marginal region at both physiological (normal) and pathophysiological (hyper) levels of RBC aggregation. The cell-free area (CFA) was measured to provide additional information on the cell-free layer (CFL) width changes in space and time domains. A prominent enhancement in the mean CFL width was found in hyper-aggregating conditions as compared to that in non-aggregating conditions (P < 0.001). The frequent contacts between RBC and the tube wall were observed and the contact frequency was greatly decreased when the aggregation level was increased from none to normal (P < 0.05) and to hyper (P < 0.001) levels. In addition, the enhanced aggregation from none to hyper levels significantly enlarged the CFA (P < 0.01). We concluded that the RBC aggregation at pathophysiological levels could promote not only the CFL width (one-dimensional parameter) but also the spatiotemporal variation of CFA (two-dimensional parameter).
Introduction
Reduction in tube hematocrit with narrowing the tube diameter (Fåhraeus effect [12] ) contributes to a decrease in apparent viscosity due to formation of cell-free layer (CFL) (Fåhraeus-Lindqvist effect [13] ) [1, 9, 37] . The CFL can be formed in microcirculation, and its roles have been highlighted in many previous studies. The CFL play a significant role in modulating wall shear stress [24, 42] , regulating the oxygen (O 2 ) releasing rate [38] , and attenuating the nitric oxide (NO) scavenging by RBCs [5, 6, 20] .
In addition, temporal variations of the CFL width may enhance the NO bioavailability in small arterioles by elevating the wall shear stress [26] . A subsequent study highlighted that the effect of CFL width variations on the NO bioavailability might become more pronounced by RBC aggregation [27] . Since the CFL formation is mainly attributed to the axial accumulation of RBCs induced by the cells migration towards the flow center, the formation can be promoted by RBC aggregation. It is of note that the mean peak NO concentration could be decreased at pathological levels of aggregation since the reduction of the wall shear stress due to formation of the thick CFL would result in the overall decrease in NO production [7] . The change in the shear stress may also alter NO originating from RBC as reported in a previous study [40] .
Our previous in vivo study [28] reported that under hyper-aggregating conditions, the CFL width in the rat cremaster muscle arterioles was significantly (P < 0.05) increased at reduced flow rates (PSR (mean velocity / tube diameter) = 57.3 ± 45.8 s −1 ) compared to that obtained under normal flow conditions (144.7 ± 89.5 s −1 ). The pathological elevation in RBC aggregation is an important diagnostic indicator highly correlating with an inflammatory state [2] , and is clinically related to human diseases such as sepsis [4] , hypertension [31] , diabetes mellitus [8] , and HIV infection [17] .
Although the clinical relevance of CFL has been highlighted in many previous studies, limited information is available on its dynamic response to the RBC aggregation change. Our previous in vivo studies [19, 28, 29] provided some information on how RBC aggregation can influence the CFL width. However, such information has been limited to temporal variations of CFL at a specific location. For the application of CFL width changes to diagnostic purpose, the characteristics of CFL width change will need to be quantified under an in vitro condition since the in vivo flow environment would be different from that in vitro. In addition, simple statistical analyses such as mean CFL width and its standard deviation would be insufficient to completely quantify the dynamic changes in the CFL width since the CFL width varies spatially and temporally.
Therefore, the present study performed in vitro experiments by perfusing human RBCs in a circular micro-tube with diameter of 25 m. The experiments were carried out at both physiological and pathophysiological levels of RBC aggregation seen in humans to better understand the significance of CFL changes by RBC aggregation. The spatiotemporal variation in CFL was quantified by various analysis techniques.
Materials and methods

Blood sample preparation
Human whole blood in 7.5% K 2 -EDTA solution (I-DNA Biotechnology, Singapore) was centrifuged (Sigma 2-6, Gottingen, Germany) and washed with Phosphate Buffer Saline (PBS, Hanks). The buffy coat was gently removed after the first centrifugation, and the collected packed RBCs were rewashed three times more before resuspending them in a medium. The level of RBC aggregation was varied by resuspending the packed RBCs in dextran-PBS solutions with different concentrations. The suspending media were prepared by dissolving Dextran 500 (Avg. MW = 450-550 kDa, Pharmacosmos A/S, Denmark) in PBS at desired concentrations of 7.5 and 12.5 mg/mL for normal and hyper aggregation conditions, respectively. The packed RBCs were then added to the media at a hematocrit of 40%. The RBC aggregation levels of the blood samples were quantified by the Myrenne aggregometer (MA-1, Myrenne GmbH, Roetgen, Germany) in terms of M index at physiological (M = 12-16) and pathological (M > 20) levels seen in humans [28] . For non-aggregating conditions (M = 0.0), no dextran was used. propylene (FEP) copolymer. The tube with inner diameter of 25 m and length of 150 mm was assembled with a chamber that consists of top and bottom acrylic plates (thickness = 1 mm) with a sealing rubber frame, and one end of the tube was connected to a reservoir. The tube was completely immersed in the distilled water inside the chamber which was placed on the stage of an inverted microscope (IX71, Olympus, Japan) with a 40X objective (UPlanSApo 40x, Olympus, Japan) and a long working distance condenser (WI-UCD, Olympus, Japan).
Experimental setup
To avoid unexpected image distortion induced by a difference in refractive index (RI) between fluid and micro-tube, we have matched the RI of FEP tube with that of dextran-PBS solutions (fluid inside the tube) and distilled water (fluid outside the tube) (see Table 1 ). Thus, as a result, we did not encounter any discernible image distortion during image acquisition.
The micro-tube was pre-flushed with autologous plasma to minimize adhesion of RBCs to the inner surface of the tube. A polytetrafluoroethylene (PTFF) coated small magnetic stirring bar (2 x 2 mm, Big Science Inc., USA) was inserted into the reservoir and it was continuously stirred to prevent RBC sedimentation. A syringe pump (KDS 210, Holliston, USA) was used to control flow rates. The blood 
CFL width and cellular velocity measurements
The CFL width was defined as the distance between the inner wall of the tube and the edge of the RBC core. Thus, the CFL width is one-dimensional information. In contrast, the cell-free area (CFA) was defined as the area occupied by the CFL along the tube, thus providing two-dimensional information on the spatiotemporal variation of CFL along the flow direction. The detailed procedure of determining the CFL width can be found in our previous studies [25] . The spatial resolution of the CFL width measurement in the present study was 0.5 m. Since RBC aggregation is a shear-dependent reversible feature, we do not expect to see discernible effect of RBC aggregation on the CFL width change in high shear conditions. Therefore, the velocity at the outer edge of RBC core (edge velocity (V edge )) in the present study (V edge = 2.7 mm/s) was adjusted to be similar to that (2.8 ± 1.3 mm/s) used to simulate pathological flow conditions in our previous arteriolar flow study [28] . The V edge of the RBC core was obtained by manually tracking the outermost cells across 10 digitalized frames [18] . Centerline velocity (V center ) of the tube flow was measured by adopting the image correlation method on sequentially extracted images from the high-speed video recording [11, 39] . Mean velocity (V mean ) was estimated by dividing the V center with a correction factor of 1.6 [3] .
Persistency of CFL
The persistency of the CFL width pattern along downstream was characterized by using the crosscovariance which has commonly been used to find the similarity of two sequences. The CFL width data were obtained at two points along the length of the tube on each side of the tube. The first analysis line for the CFL width measurement was established at a distance of 80 mm from the inlet of the tube and considered as the baseline. The second analysis line was then placed at a distance 0.5D, 1.0D, 1.5D, or 2.0D from the baseline (0.0D) where D represents the inner diameter of the tube. The CFL width over a time period of 1 s from each position of the second line was cross-correlated against the baseline measurement. Based on this approach, the 3000 sequential variations of the CFL width at each analysis line were treated as a time-dependent continuous signal. The correlation length was determined as described in a previous study by Kim et al. [19] . In brief, the correlation values were fitted by the exponential equation of y = e −kx . The correlation length is defined as the downstream distance from the baseline where the normalized correlation coefficient falls to 1/e (0.368).
cell-free layer (CFA) determination
To better illustrate the spatiotemporal variation of the CFL width, the CFA was determined in a particular region of interest (ROI). It was achieved by adopting our previous image analysis technique [25] for the CFL width measurement. Flow image in the ROI that has a length of 4.0D was cropped, and the cropped sequential images over the time period (1 s) were then subjected to the minimum thresholding method [25] to obtain binary images. The CFA was determined by counting the number of pixels in the area with no RBCs near the tube wall, and it was normalized by the total area of the ROI. 
Statistical analysis
All statistical comparisons were performed with a statistical software package (Prism 6.0, GraphPad). One-way ANOVA with Tukey's Post-Hoc test was used to determine significance of difference among the three different aggregating groups. All data are reported as means ± SD (standard deviation). For all statistical tests, P < 0.05 was considered to be statistically significant.
Results
Systemic parameters
The aggregation index (M) was 15.7 ± 1.3 and 24.6 ± 4.6 for normal-aggregating and hyperaggregating conditions respectively, whereas it was 0.0 for the non-aggregating condition. Hematocrit of all blood samples was 40 ± 1%, and there was no significant difference among the three aggregating groups. The edge velocity (V edge ) was 2.7 ± 0.8, 2.7 ± 0.5 and 2.6 ± 0.4 mm/s for non-aggregating, normal-aggregating, and hyper-aggregating groups, respectively. There was no significant difference in V edge among the three aggregating groups. Volumetric flow rate and Reynolds number in all experiments were approximately 0.07 ± 0.01 L/min and 0.01, respectively. Representative values of density (1 g/cm 3 ) and viscosity (0.05 dyn·s/cm 2 ) were used for estimation of the Reynolds number as also reported previously [35] . The driving pressure estimated from the flow rates and the reference viscosity was 0.76 ± 0.16 atm. Fig. 2 shows the mean and SD of the CFL widths from the five analysis lines in the three aggregating conditions. As shown in the figure, the mean CFL width increased with elevating the aggregation level ( Fig. 2(a) ). The mean CFL widths in the normal-aggregating (1.7 ± 0.5 m) and hyper-aggregating (2.0 ± 0.5 m) conditions were significantly larger (P < 0.05 and P < 0.001, respectively) than that in the non-aggregating condition. On the other hand, the SD of the CFL width appeared to be independent of the aggregation level (Fig. 2(b) ). We found no significant difference in the SD among the three aggregating groups.
Effect of RBC aggregation on mean and SD of the CFL widths
Persistency of the CFL width variation
The correlation length was used to examine the persistency of the CFL width variation along downstream. No statistical difference was found between the non-aggregating (48.0 ± 5.5 m) and normal-aggregating (47.2 ± 3.0 m) conditions. Similarly, the correlation length in the hyper-aggregating (50.8 ± 5.0 m) condition was not significantly different from that in either non-aggregating or normalaggregating condition, confirming that aggregation has no effect on the persistency of CFL width variation.
Effect of RBC aggregation on RBC-wall contact frequency
Interestingly, we observed that a number of RBCs were in contact with the tube wall while flowing ( Fig. 3(a) ). To examine whether this RBC-wall contact can be influenced by the RBC aggregation, the number of zero values of the CFL width during its measurement (1 s) was compared under the three aggregating conditions. In the measurement, we assumed that the zero CFL width represents the instant contact between RBC and the tube wall. Fig. 3(b) shows the contact frequency results normalized by the total number of observations (3000 data). The contact frequency decreased with increasing the level of aggregation. Significant decreases in the contact frequency were found under the normal-aggregating (P < 0.01) and hyper-aggregating (P < 0.001) conditions as compared with that in the non-aggregating condition. Fig. 4(a) shows two-dimensional visualization of CFL changes at different time points. The figure illustrates two distinct regions (RBC core and CFA) in the ROI. The CFA varied with time and RBCs occasionally made contact with the tube wall. The CFA on each side of the wall (top and bottom) appeared to be asymmetric, and thus the degree of asymmetry was examined by comparing the CFA on the two sides as follows:
Effect of RBC aggregation on CFA
I n P r e s s 
CFA top
The asymmetry of CFA seemed to be decreased by elevating the aggregation level (non-aggregation: 19.1% −→ normal: 15.2% −→ hyper: 14.8%) as shown in Fig. 4(b) .
A typical example of time-dependent normalized CFA (NCFA) variation over 1 s is shown in Fig. 5(a) . The NCFA at higher levels of aggregation seemed to be greater than that at lower aggregation levels (none < normal < hyper). However, the NCFA difference among the three aggregating conditions varied with time, thus all NCFAs were integrated over 1 s for the statistical comparison (Fig. 5(b) ). The results showed that the mean NCFA in hyper-aggregating conditions were significantly greater than that in nonaggregating conditions (P < 0.01). Although no statistical difference was found between none and normal aggregating conditions or normal and hyper aggregating conditions, there seemed to be an increasing trend of the mean NCFA with elevating the aggregation level.
To obtain further detailed information on the NCFA, probability of the NCFA was analyzed. The probability was obtained by normalizing the frequency of NCFA value over 1 s. Fig. 6(a) shows a typical example of the probability distribution of the NCFA of which data correspond to those in Fig. 5(a) , and definitions for the probability distribution is described in Fig. 6(b) . As expected, the distribution was shifted to greater values as the aggregation level increased from none to hyper. All distributions did not follow the normal distribution. As shown in Fig. 6(c) , both left and right tail widths from the mean NCFA appeared to have an increasing trend with elevating the aggregation level. However interestingly, there was a significant increase only in the right tail width in hyper-aggregating conditions compared to that in non-aggregating conditions (P < 0.05). 
Discussion
Effect of RBC aggregation on the mean CFL width and its SD
The prominent increase in the CFL width with elevating the aggregation level in the present study is supported by previous in vivo and in vitro studies [1, 28] . Our earlier in vivo study [28] showed I n P r e s s
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that the prominent CFL width can be formed in arterioles under pathological aggregating conditions (M = 21.6 ± 4.8). A similar effect was found in the present in vitro study in hyper-aggregating conditions (M = 24.6 ± 4.6) ( Fig. 2(a) ). The mean CFL width results obtained in this study confirmed that pathological elevation of the aggregation level could lead to a prominent enhancement in the mean CFL width. However, relatively thin CFL widths (mean ± SEM) were found in the present study (9.7 ± 0.8%, 13.7 ± 1.1% and 16.6 ± 1.1% for non-aggregating, normal-aggregating and hyper-aggregating conditions, respectively) compared to previous in vivo results (15.7 ± 0.9%, 18.3 ± 0.9% and 20.6 ± 0.9%) [28] , which were all normalized by radius of tube or vessel. A thicker CFL width can provide a more marginal space for RBCs to move, in particular for RBCs positioned near the vessel (or tube) wall. Such cell movements would result in a greater irregularity of the interface between CFL and RBC core. Unlike the previous in vivo study, no statistical change in the SD of the CFL width found in the present study would suggest that the aggregation effect on dynamic characteristics of the interface could be diminished in the in vitro tube flow (Fig. 2(b) ). A possible reason for the discrepancy in the mean CFL width between in vivo and in vitro can be the elasticity difference between the tube and vessel walls. As reported in an earlier study by Maeda et al. [22] , the CFL width ( 3.5 m) in an elastic micro-vessel with diameter of 25 m was 20% greater than that ( 2.8 m) in a hardened micro-vessel. The micro-tube wall in the present study would be more rigid than the arteriolar wall, the difference in the wall elasticity may also contribute to the greater mean CFL width in arterioles compared to that in micro-tubes.
Persistency of CFL variation
The correlation length of the CFL width formed in arterioles (ID = 10 -50 m) of the rat cremaster muscle has been reported to be 32 ± 5.6 and 30 ± 4.0 m at PSR (V mean / D, where D = inner diameter) of 288.2 ± 150.5 and 220.3 ± 123.4 s −1 for non-aggregating and normal-aggregating conditions respectively, at 42% systemic haematocrit [19] . Thus, the in vivo correlation length appeared to be independent of aggregating condition. The outermost RBCs would be subjected to higher shear stresses than those in the core region, which further lower the potential aggregation effect on the persistency of CFL variation. A relatively short correlation length ( 16 m) was found in a 25-m arteriole of the cat momentum at a high PSR of 124 s −1 [36] . On the other hand, relatively greater correlation lengths (49 ± 5.1 m) were obtained in the present study as compared with those reported in the previous in vivo study [19] . This greater correlation length would be due to the different flow environment such as significantly nonuniformity of inner surface in arterioles as compared to micro-tubes. Relatively smoother surface of inner wall in the micro-tube could potentially contribute to the greater correlation length in the tube flow.
RBC-wall contact frequency
The distinct attenuation of the contact frequency in the presence of RBC aggregates was expected since we found a significant increase (P < 0.05 in normal-aggregating conditions, P < 0.001 in hyperaggregating conditions) in the CFL width due to aggregation compared with non-aggregating conditions ( Fig. 2(a) ). The elevation in RBC aggregation might form more compact aggregates in the core, resulting in the increase of CFL width. The distance increase between outer edge of cells and inner tube wall could reduce the chance of instantaneous contact between RBCs and the tube wall. In addition, the compact forming RBC aggregates could mitigate perturbation and collision among RBCs, which in turn leads to a reduction in the RBC-wall contact frequency.
However, the RBC-wall contact frequency may not be measurable under in vivo situation. In particular, most of in vivo results with RBC aggregation showed that the RBC-wall contact was seldom observed due mainly to the presence of glycocalyx layer on endothelial cells [19, 28] . The current CFL width measurement relies on bright filed image, thus the transparent glycoclayx layer is not detectable, in particular in arterioles if present [18] . The glycocalyx thickness has been reported to be ∼0.38 m in arterioles with diameter of ∼20-70 m [33] . Therefore, with existence of the glycocalyx layer in arterioles, the direct contact between RBC and the endothelium should be absence.
Effect of RBC aggregation on CFA
To quantify the spatiotemporal characteristics of CFL width changes, we provided the time-dependent CFA as a more comprehensive parameter than the CFL width. The asymmetry of CFA on the opposite sides of the tube wall (Fig. 4) was also observed in a previous in vivo study [19] . This study reported that the CFL width was substantially different on the opposite sides of vessel wall without RBC aggregation, but the symmetry of CFL widths appeared to be recovered after inducing the aggregation. A similar trend was found for the CFA with and without aggregation in the present study (Fig. 4(b) ). This might be due to non-uniform distribution of RBCs in the core [10] , and the non-uniformity could be attenuated by compact formation of RBCs (aggregation) in the core. Therefore, RBC aggregation could potentially promote the symmetry recovery of CFA by enhancing the axial alignment of cells. However, under the high shear condition used in this study, aggregates could form only in the very center of the flow stream where shear stress is lowest. Thus, the asymmetry of CFA is most likely due to lateral movements of RBC column and random positioning of un-aggregated cells near the tube wall. Moreover, there was no significant attenuation in the asymmetry of CFA in comparing hyper-aggregating (14.8 ± 6.8%) and normal-aggregating conditions (15.2 ± 6.1 %). This may imply that the elevation of aggregation level from the normal to hyper-levels could not dominantly influence the non-uniformity of RBC core.
The NCFA result in Fig. 5(b) provides the time-and space-independent trend of the CFA and its corresponding result is shown in Fig. 6(c) . The increase in tail width (Fig. 6(c) ) indicates that the NCFA can vary widely, which implies that temporal changes of the CFA can be promoted with elevating the aggregation level. In addition, the significant (P < 0.05) increase in the right tail width from non-aggregating to hyper-aggregating conditions suggests that the tendency of the CFL to extend into the RBC core away from its mean can be significantly enhanced by aggregation. This phenomenon would be important in hemodynamics since the thicker CFL width due to the presence of RBC aggregates may result in a greater inward radial deviation of the CFL width into the RBC core, potentially leading to discontinuity of the RBC core.
Potential influences on CFL
Axial migration of RBCs toward the flow center induced by tank-treading motion promotes formation of CFL [15, 23] . The migration and deformation of the RBCs are largely influenced by fluid shear stress acting on the cell membrane, thus a change in the CFL width can be expected with elevating the suspending medium viscosity. The viscosity of the dextran solutions in the present study were 1.03 ± 0.02, 1.44 ± 0.01, and 1.65 ± 0.01 cP for non-aggregating, normal-aggregating and hyper-aggregating groups, respectively. However, a previous study [14] observed that the frequency of RBC tank-treading motion increased linearly with the shear rate but this relation was weakly enhanced by increasing the suspending medium viscosity. Since the flow condition was not significantly different among the three aggregating groups in the present study, presumably, the thicker CFL width in hyper-aggregating conditions could be partially affected by the viscosity increase of the suspending medium. The RBC sedimentation in the flow can significantly influence the CFL width, in particular under reduced flow conditions. The PSR in the present study under all aggregating conditions was 83 ± 17 s −1 . The shear rates used in this study were much greater than those reported in an in vitro study by Reinke et al. [32] where they reported a significant effect of RBC sedimentation on CFL formation in capillary tubes with diameter of 30.2-132.3 m and length of 38-73 mm at pseudoshear rates < 10 s −1 using Dextran 250 mediated aggregating blood. To examine the potential sedimentation effect, we compared the CFL width results at a location closer to the tube inlet with those at the current measurement location (8 cm away from the inlet). The shortest distance from the inlet at which we can take the CFL width measurement was 3 cm due to technical limitations of our experimental setup. As shown in Fig. 7 , the CFL widths measured at two different locations (3 and 8 cm away from the inlet) were compared under the three different aggregating conditions. Although a slightly decreasing trend was seen with aggregation level, no statistical difference in the CFL width was found between results at the two locations regardless of aggregating condition, indicating that there would be no significant effect of the cell sedimentation on our results.
Effect of aggregation on tube hematocrit
The proportional relation between the CFL width and the extent of RBC aggregation may not be explained solely by formation of compact aggregates in RBC core. Previous observations in the microvascular network with RBC aggregation have revealed that the local hematocrit and flow resistance were decreased during induced RBC aggregation [21] . Thus, the increase of the CFL width with RBC aggregation in this study might be due partly to the reduction in tube hematocirt by the screening effect of aggregates at the tube entrance. However, although the RBC aggregates screening could partly contribute to our results, its effect would not be significant since we continuously stirred the blood sample in the reservoir to prevent sedimentation of cells and formation of aggregates. Thus, we do not expect such a significant screening effect of aggregates at the tube entrance which could result in a considerable reduction in tube hematocrit.
Conclusion
The RBC aggregation at hyper-levels significantly increased (P < 0.001) the mean CFL width but showed no effect on its SD. The RBC-wall contact frequency was significantly attenuated with increasing the level of aggregation, which would be due mainly to the thicker CFL width by aggregation. The persistency of CFL variation seemed to be independent of aggregating condition. The enhancement in RBC aggregation from none to hyper-levels significantly enlarged CFA. In addition, asymmetry of CFA on the two sides of the tube wall appeared to be attenuated by RBC aggregation, but no further enhancement of the symmetry recovery was found in hyper-aggregating conditions compared to normal-aggregating conditions.
